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Abstract: Narrow-diameter implants (NDIs) traditionally have been associated to higher rates of
failure in comparison with regular-diameter implants (RDIs) and wide-diameter implants
(WDIs), since they generate a more unfavorable stress distribution in peri-implant
bone. However, it is well known that the load sharing effect associated with prostheses
supported by multiple implants (also called splinted prostheses) affords mechanical
benefits. The present study involves finite element analysis (FEA) to determine
whether the risks linked to NDIs could be mitigated by the mechanical advantages
afforded by the splinting concept. For this purpose, a three-dimensional (3D) model of
a real maxilla was reconstructed from computed tomography (CT) images, and
different implants (NDIs, RDIs and WDIs) and prostheses were created using
computer-aided design (CAD) tools. Biting forces were simulated on the prostheses
corresponding to three different rehabilitation solutions: single-implant restoration,
three-unit bridge and all-on-four treatment. Stress distribution around the implants was
calculated, and overloading in bone was quantified within peri-implant volumes
enclosed by cylinders with a diameter 0.1 mm greater than that of each implant. The
mechanical benefits of the splinting concept were confirmed: the peri-implant overload
volume around NDIs splinted by means of the three-unit bridge was significantly
reduced in comparison with the non splinted condition and, most importantly, proved
even smaller than that around non splinted implants with a larger diameter (RDIs).
However, splinted NDIs supporting the all-on-four prosthesis led to the highest risk of
overloading found in the study, due to the increase in compressive stress generated
around the tilted implant when loading the cantilevered molar.
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ABSTRACT 
 
Narrow-diameter implants (NDIs) traditionally have been associated to higher rates of 
failure in comparison with regular-diameter implants (RDIs) and wide-diameter implants 
(WDIs), since they generate a more unfavorable stress distribution in peri-implant bone. 
However, it is well known that the load sharing effect associated with prostheses 
supported by multiple implants (also called splinted prostheses) affords mechanical 
benefits. The present study involves finite element analysis (FEA) to determine whether 
the risks linked to NDIs could be mitigated by the mechanical advantages afforded by the 
splinting concept. For this purpose, a three-dimensional (3D) model of a real maxilla was 
reconstructed from computed tomography (CT) images, and different implants (NDIs, 
RDIs and WDIs) and prostheses were created using computer-aided design (CAD) tools. 
Biting forces were simulated on the prostheses corresponding to three different 
rehabilitation solutions: single-implant restoration, three-unit bridge and all-on-four 
treatment. Stress distribution around the implants was calculated, and overloading in bone 
was quantified within peri-implant volumes enclosed by cylinders with a diameter 0.1 
mm greater than that of each implant. The mechanical benefits of the splinting concept 
were confirmed: the peri-implant overloaded volume around NDIs splinted by means of 
the three-unit bridge was significantly reduced in comparison with the nonsplinted 
condition and, most importantly, proved even smaller than that around nonsplinted 
implants with a larger diameter (RDIs). However, splinted NDIs supporting the all-on-
four prosthesis led to the highest risk of overloading found in the study, due to the increase 
in compressive stress generated around the tilted implant when loading the cantilevered 
molar. 
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In recent years, dental implants have been used as surgical components in a wide variety 
of oral restoration scenarios, including single-tooth replacements or multiple implant-
supported bridgeworks replacing various missing teeth. The success of the treatment 
depends on a number of biological and mechanical factors. Even when implants are fully 
osseointegrated, there is a risk of bone resorption in the peri-implant regions, which can 
be activated by bacterial infection or overloading due to masticatory forces [1]. 
Overloading is often the result of inefficient stress distribution generated by inappropriate 
occlusion, implant design or positioning. In this context, an increased area of bone-to-
implant contact (BIC) may reduce the risk of overloading in peri-implant bone by 
improving osseointegration and achieving a more balanced stress distribution. Among the 
options in pursuit of this objective, increasing the implant diameter has proven to be a 
successful strategy [2-4]. 
 
The term narrow-diameter implants (NDIs) usually refers to implants with a diameter < 
3.4 mm [5]. Such diameters are reportedly large enough to provide satisfactory long-term 
outcomes. In some clinical situations, NDIs represent an option for restoring narrow 
alveolar ridges and sites with limited space for the insertion of standard diameter implants 
(SDIs), reducing the need for bone augmentation procedures [5,6]. Although some 
follow-up studies have reported similar survival rates for NDIs and SDIs [7,8], it has been 
stated that the resistance of NDIs is 25% less than that of SDIs [9], and that the risk of 
fatigue fracture increases when using small diameters [10]. Furthermore, some studies 
based on finite element analysis (FEA) have concluded that narrow diameters involve 
higher stress and strain levels at peri-implant bone level when compared with 
conventional diameters, anticipating a higher rate of bone loss [11,12]. These concerns 
explain the fact that NDIs traditionally have been restricted to concrete situations such as 
the rehabilitation of incisors but are not commonly used in areas exposed to high 
masticatory forces such as the molar regions [6]. 
 
On the other hand, the term splinting (or stabilization) refers to binding teeth or implants 
together to increase the stability of the structure as a whole. The rationale behind splinted 
implant prostheses is to achieve favorable distribution of non-axial forces and increase 
the total area receiving the load. Some authors have reported that splinting implies 
biomechanical advantages and leads to load sharing [13]. However, research on the 
clinical use of splinted NDIs is still limited [5]. Similarly, FEA studies are generally 
focused on single-unit restorations or fixed prostheses supported by multiple SDIs, but 
FEA-based studies evaluating multiple NDI-supported prostheses are still scarce. 
Although splinted mini-implants (1.8 mm in diameter) compared with single mini-
implants clinically show a similar bone loss [14], splinting of implants reduces the tensile 
stress in the posterior area of short fixed bridges [15]. Accordingly, the present study used 
FEA to determine whether the risks associated with NDIs could be decreased to a 
significant degree by the load-sharing effect resulting from the splinting concept. 
 
MATERIALS AND METHODS 
 
In this study, the biomechanical benefits associated with splinted NDIs were investigated 
by FEA. In order to allow quantitative comparisons between different implant diameters, 
the study was extended to regular-diameter implants (RDIs) and wide-diameter implants 
(WDIs). Three prosthetic solutions including nonsplinted and splinted implants were 
three-dimensionally (3D) modeled as shown in Figure 1. Firstly, the InVesalius 3.0 
software (http://www.cti.gov.br/invesalius/) was used to reconstruct a maxilla from 
DICOM images of an upper jaw belonging to a 72-year-old edentulous male. The 
reconstructed maxilla was imported to Solidworks© (Dassault Systèmes Solid Works© 
Corp., Concord, USA), and two different regions were generated: an inner volume 
simulating cancellous bone and an external layer representing cortical bone. The 
thickness of the cortical layer in the different regions of the maxilla was selected in 
accordance with other authors [16]. Two different maxillary bone segments were 
generated: one half of the maxilla without the sinuses (for single-implant restorations and 
three-unit bridges) and a “full” maxilla conserving the maxillary sinuses (for all-on-four 
treatments). 
 
Three-dimensional implants and superstructures were designed via CAD with 
Solidworks© and 3D modelling software. The implants were based on commercially 
available components (ADIN© Dental Implant Systems, Ltd., Afula, IL, USA). A total of 
6 implants were created: implants with three different diameters (NDI - 3.0 mm; RDI - 
3.5 mm; and WDI - 4.3 mm) of two different lengths (10 mm and 13 mm). Straight and 
30°-angled abutments based on the same brand were also generated. On the other hand, 
three single dental structures (supported by individual implants) and a splinted three-unit 
bridge (supported by two implants) replacing the first premolar, second premolar and first 
molar were modeled. A splinted full arc bridge, characteristic of the all-on-four concept 
[17], was also designed. In the case of the single-implant rehabilitation and the three-unit 
bridge, 10 mm long implants and straight abutments with a transmucosal height of 3 mm 
were used. For the all-on-four concept, posterior 13 mm long implants were attached to 
angled abutments with a transmucosal height of 3 mm, and anterior 10 mm long implants 
were connected to straight abutments with a transmucosal height of 2 mm. On the basis 
of other studies [11], cratering effects were modeled around the abutment to simulate the 
well-known bone resorption that occurs in the areas close to the implant neck. 
 
The models were transferred from Solidworks® to COMSOL Multiphysics® (COMSOL, 
Inc., Burlington, USA) to carry out static linear elastic simulations. The material 
properties assigned to each domain are given in Table 1 [18-21]. A zero-displacement 
boundary condition was defined for the flat faces of the maxillary segments. Three 
different loading scenarios were considered for each of the three rehabilitation solutions: 
first premolar loaded (250 N), second premolar loaded (300 N) and first molar loaded 
(300 N). The loads were uniformly distributed in the occlusal regions, and their 
magnitudes were similar to experimental single tooth bite forces in healthy young male 
adults [22]. The angle between the implants axes and the forces was 15° [23]. The 
direction of the force vector was based on the maximum forces analyzed in previous 
studies [24]. Total osseointegration of the implants was considered, since node-to-node 
correspondences at the interface between the implants and bone were assumed. After a 
convergence test, the models representing the single-implant restoration, the three-unit 
bridge and the all-on-four rehabilitation were meshed with approximately 0.7, 1.2 and 3 
million elements, respectively. Finally, the solutions were computed and the data of 
specific volumes of interest (VOIs) were extracted for quantitative evaluation of the 
results. Such volumes (shown in Figure 1) included the fraction of peri-implant 
cancellous and cortical bone enclosed by cylinders of different diameters (3.1 mm, 3.6 
mm and 4.4 mm), depending on the implant diameter (3.0 mm, 3.5 mm and 4.3 mm, 
respectively).  
 
In accordance with similar studies [11, 25], overloading of cancellous and cortical bone 
was considered to occur when the maximum or minimum principal stresses exceeded 
their uniaxial tensile or compressive strength, respectively. This consideration was made 
on the basis of the maximum normal stress criterion, usually linked to brittle materials. 
The strength of cortical bone was assumed to be 100 MPa under tension and 170 MPa 
under compression. In cancellous bone, a strength of 5 MPa was adopted for both tension 
and compression [26]. Therefore, in the present paper the overloading risk in bone for the 
different prosthetic solutions was measured through the quantification of the partial 
volume overloaded under tension ( OVT), where the maximum principal stress exceeds 
the tensile strength of bone, and the partial volume overloaded under compression (OVC), 
where the minimum principal stress exceeds the compressive strength of bone, with the 




Figure 2 shows, as a comparative example of the stress field around splinted and 
nonsplinted implants, the distribution of maximum and minimum principal stress in the 
models corresponding to the single-implant rehabilitation and the three-unit bridge, 
specifically when loading the first premolar. The reason for distinguishing between 
minimum and maximum principal stress is to identify the areas where overloading occurs 
due to either compressive or tensile stress, respectively, according to the maximum 
normal stress criterion defined above. The cross sections in this figure were obtained by 
selecting planes containing the direction of the force applied. 
 
Figure 2 offers a comprehensive view of the effect of the implant diameter on the stress 
distribution in bone. A decrease in size of the areas affected by stress levels above or 
close to the physiological limits occurs when the implant diameter is increased. 
Furthermore, on comparing the single-implant rehabilitation with the two-implant-
supported bridge, a reduction in stress levels around the first premolar (P1; where the load 
is applied) is noticed. This is obviously a result of the splinting concept and its subsequent 
load-sharing effect. Such observations can be verified in quantitative terms in Figure 3, 
which depicts the mean principal maximum and minimum stress in the VOIs around the 
implants supporting the single restoration and the bridge, together with the magnitude of 
the total overloaded volume within these VOIs (i.e. OV). It should be remembered that 
OV encompasses both the partial overloaded volume under tension (OVT; i.e. those 
regions in which the maximum principal stress exceeds the uniaxial tensile strength of 
bone) and the partial overloaded volume under compression (OVC; i.e. those regions 
where the minimum principal stress exceeds the uniaxial compressive strength of bone).  
 
Focusing on the nonsplinted restorations as the simplest example to assess the effect of 
the implant diameter on the overloading risk, if the data in Figure 3 corresponding to the 
total overloaded volumes around the single implants for the three loading conditions (i.e. 
P1, P2 and M1 loaded) is averaged, the values obtained are the following: 〈𝑂𝑉〉3.0 𝑚𝑚 =
2.20 𝑚𝑚3,  〈𝑂𝑉〉3.5 𝑚𝑚 = 1.62 𝑚𝑚
3 and 〈𝑂𝑉〉4.3 𝑚𝑚 = 0.93 𝑚𝑚
3 in cancellous bone; 
and 〈𝑂𝑉〉3.0 𝑚𝑚 = 0.04 𝑚𝑚
3, 〈𝑂𝑉〉3.5 𝑚𝑚 = 0.02 𝑚𝑚
3 and 〈𝑂𝑉〉4.3 𝑚𝑚 = 0.01 𝑚𝑚
3 in 
cortical bone. As illustrated in Figure 1, the amount of cortical bone in the VOIs analyzed 
is significantly less than that of cancellous bone, which explains the difference in the 
magnitude of the overloaded volume in both tissues. Thus, the average overloaded 
volumes shown above indicate that the overloading risks in the peri-implant areas are 
reduced when increasing the implant diameter, this trend being observed in each loading 
condition. 
 
Similarly, Figure 3 also provides information about the mechanical advantages of the 
splinting concept. To facilitate comparisons, hereinafter the terms 𝑂𝑉𝑁𝑆 and 𝑂𝑉𝑠 will be 
used to denote the overloaded volume around nonsplinted implants (single implants) and 
the overloaded volume around splinted implants (those supporting the 3-unit bridge), 
respectively. For example, for the 3 mm diameter implant P1 under direct loading (that 
is, when the load is applied on the tooth supported by such implant), a reduction from 
𝑂𝑉𝑁𝑆−3.0 𝑚𝑚 = 2.04 𝑚𝑚
3 to 𝑂𝑉𝑆−3.0 𝑚𝑚 = 1.20 𝑚𝑚
3 is found in cancellous bone. In 
cortical bone, this value decreases from 𝑂𝑉𝑁𝑆−3.0 𝑚𝑚 = 0.04 𝑚𝑚
3 to 𝑂𝑉𝑆−3.0 𝑚𝑚 =
0.01 𝑚𝑚3. An interesting approach to quantify such reductions could be to introduce the 
consideration of a nonsplinted implant of larger diameter in the analysis. When looking 
at the nonsplinted 3.5 mm diameter implant P1, the total overloaded peri-implant volume 
is 𝑂𝑉𝑁𝑆−3.5 𝑚𝑚 = 1.52 𝑚𝑚
3 in cancellous bone and 𝑂𝑉𝑁𝑆−3.5 𝑚𝑚 = 0.02 𝑚𝑚
3 in 
cortical bone. The interest in this assessment lies in the fact that the overloaded peri-
implant volume for the splinted 3.0 mm diameter implant P1 is smaller than that around 
a larger diameter nonsplinted implant located in the same position, even when higher 
overloading should be expected for the smaller-diameter implant. The mean stress around 
splinted 𝑃13.0 𝑚𝑚 is also below that around nonsplinted 𝑃13.5 𝑚𝑚. 
 
The same is true when the analysis is done for the implant M1 under direct loading: the 
values of overloaded volume are 𝑂𝑉𝑁𝑆−3.0 𝑚𝑚 = 2.98 𝑚𝑚
3, 𝑂𝑉𝑆−3.0 𝑚𝑚 = 1.40 𝑚𝑚
3 
and 𝑂𝑉𝑁𝑆−3.5 𝑚𝑚 = 2.34 𝑚𝑚
3 in cancellous bone, and 𝑂𝑉𝑁𝑆−3.0 𝑚𝑚 = 0.06 𝑚𝑚
3, 
𝑂𝑉𝑆−3.0 𝑚𝑚 = 0.01 𝑚𝑚
3 and 𝑂𝑉𝑁𝑆−3.5 𝑚𝑚 = 0.03 𝑚𝑚
3 in cortical bone. However, in 
both cases, the stress levels and the regions affected by overloading around nonsplinted 
4.3 mm diameter implants remain below those surrounding splinted 3.0 mm diameter 
implants.  
 
Finally, Figure 4 shows the results of the simulations regarding the all-on-four splinted 
prosthesis. As seen in the figure, the mechanical behavior of the all-on-four restoration 
varies considerably depending on the loading condition involved. When loading the first 
premolar, the scenario is favorable in mechanical terms. However, if the arch is loaded 
on the first molar, the peri-implant VOI of cancellous bone around the tilted implant P2L 
experiences the highest magnitude of overloaded volume found in the study (for example, 
𝑂𝑉 = 3.43 𝑚𝑚3 when considering 3 mm diameter implants), even higher than the values 
around the single-implant restorations. Although not shown in Figure 4 for simplicity, the 
mean minimum principal stress around P2L was also significant in this case (for example, 




Quantitatively, an accurate translation of the findings of this study to the clinical setting 
should not be expected, since they are part of a numerical method that has introduced 
several simplifications. Among these limitations, a condition of 100% osseointegration 
was assumed, cancellous and cortical bone were regarded as isotropic linearly elastic 
materials, and the loads selected were static and not time-dependent. However, similar 
studies based on stress analysis using FEA have yielded an approximate idea of the stress 
distribution and overloading risk in peri-implant tissues [11,12,27-30], and have been 
helpful in the anticipation of mechanical testing and clinical results [31-32]. 
 
The effect of the implant diameter on the stress distribution around the peri-implant 
regions was the same observed by other authors [11,12]: overloaded volume in the peri-
implant areas exhibits a reduction when the implant diameter is increased. In this 
situation, the contact area between the implant and the neighboring bone increases, and 
hence the load per unit area transmitted to the peri-implant tissues is decreased, leading 
to a more favorable stress distribution in the surrounding bone. This is actually the reason 
why NDIs are associated with higher overloading risks compared to implants of larger 
diameter. 
 
Regarding the splinting approach, the occurrence of a load sharing effect is 
unquestionable. In Figure 3, on analyzing the implant supporting the first premolar (P1), 
both the mean stress and the overloaded volume around the splinted implant in any of the 
loading scenarios are lower than the values corresponding to the nonsplinted implant 
analog. This also applies to the implant supporting the first molar (M1). However, to 
properly quantify the mechanical advantages of the splinting concept, only comparisons 
between the splinted implant directly loaded (i.e., P1 when loading the first premolar or, 
alternatively, M1 when loading the first molar) and the nonsplinted implant analog have 
been made. These two alternative comparisons are appropriate since the peri-implant 
volumes compared are exactly the same in both the splinted and the nonsplinted stage. 
Following this logic, the results have shown that 3.0 mm diameter implants splinted by a 
structure such as the three-unit-bridge analyzed in this study could be considered 
equivalent to or even more favorable than single 3.5 mm diameter implants in terms of 
overloading, even if the latter have a larger diameter.  
 
This suggests that the overloading risk associated with NDIs under splinting conditions, 
specifically when connected by a dental bridge consisting of few dental units, as a FEA 
study already reported [15], would be comparable to that around RDIs. With this 
outcome, the capabilities of NDIs, which in FEA studies perform well for the replacement 
of single upper and lower second premolars, are extended [33]. Accordingly, NDIs 
splinted by simple dental bridges could be considered in scenarios valid for RDIs but not 
contemplated for NDIs until now because of their higher resorption risk when operating 
individually [6]. 
 
However, although the three-unit bridge was found to be an interesting approach for 
compensating the overloading risks of NDIs, the use of this category of implants to 
support the all-on-four prosthesis proved to involve stress levels even above those found 
under nonsplinted conditions. Although other FEA studies have shown a similar stress 
distribution in narrow and regular implants in all-on-four designs, static load was 
considerably smaller than in our study [34]. As illustrated in Figure 4, the mechanical 
response of the all-on-four structure is quite sensitive to the area on which the load is 
applied. Although loading the arch on the first premolar leads to the most favorable 
situation for the use of NDIs throughout the study, excessive compressive stress around 
the tilted implant (P2L), especially in cancellous bone, occurs when loading the 
cantilevered molar. This is in accordance with other studies, that have shown that distal 
cantilevers in full-arch restorations have a higher overloading risk [35,36]. This 
overloading of the cortical bone might be especially critical in poorly mineralized 
cancellous bone [37] or when cortical bone thickness is reduced, as a result of atrophy 
[38].  
 
As stated by some authors, a class I lever system is generated when a vertical load is 
applied in the cantilevered region of a prosthesis, and this leverage is one of the main 
causes for excessive stress concentrations [39,40]. This issue clearly represents a 
limitation in the compatibility between the splinting approach and NDIs, which seems to 
largely depend on the type of prosthetic structure involved. However, as a possible 
solution to significantly reduce the overloading risk around NDIs in this case, the arch 
could be shortened by removing the cantilevered molars. To reinforce this idea, it should 
be noted that the value of overloaded volume around P2L when loading the second 
premolar (Figure 4) is lower than that referred to nonsplinted NDIs (Figure 3). 
 
Accordingly, the splinting concept applied to NDIs could be an alternative to the use of 
larger diameter implants or augmentation procedures when developing prosthetic 
solutions in which such implants traditionally have been avoided. In fact, the load-sharing 
effect resulting from the approach is presented as a means of compensating for the higher 
overloading and resorption risks typically associated with NDIs. However, although this 
argument seems to be valid for simple structures like the three-unit bridge analyzed, 
special care should be taken when implants must support cantilever dentures or must be 
placed in a tilted position, as in the case of the posterior implants in the all-on-four 
approach. It is worth mentioning that more realistic models overcoming the 
simplifications assumed in this study should be evaluated, along with more loading 





The structure consisting of a conventional three-unit bridge supported by two implants 
resulted in a relevant decrease in peri-implant stress in comparison with nonsplinted 
restorations. The NDIs (diameter 3.0 mm) splinted in this configuration showed an 
amount of overloaded areas even smaller than in the case of implants belonging to a larger 
diameter classification (RDIs, diameter 3.5 mm). In contrast, the mechanical benefits 
resulting from splinting were insufficient to balance the high stress levels when loading 
the cantilevered molar of an all-on-four superstructure supported by NDIs.   
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Table 1: Material properties. 
Figure 1: 3D CAD models of the three prosthetic scenarios analyzed: a) single-implant 
restoration; b) three-unit bridge; c) all-on-four rehabilitation. An example of a peri-
implant VOI is also shown: in red, overloaded cancellous bone; in dark blue, overloaded 
cortical bone. 
 
Figure 2: In rows: minimum principal stress and maximum principal stress generated 
when loading the first premolar in the single-implant restoration and the three-unit bridge. 
In columns: different implant diameters (Ø 3.0 mm, Ø 3.5 mm and Ø 4.3 mm). The 
images of the three-unit bridge rehabilitation include the plane containing the implant at 
the first premolar site (P1) and the plane containing the implant at the first molar site 
(M1). 
 
Figure 3: In rows: mean maximum principal stress and mean minimum principal stress 
(〈𝜎𝑝 𝑚𝑎𝑥〉 and 〈𝜎𝑝 𝑚𝑖𝑛〉, represented with bars and stated on the left axis) and overloaded 
volume (𝑂𝑉𝑇, 𝑂𝑉𝐶 and 𝑂𝑉, represented with +, - and ◆, respectively, and stated on the 
right axis) in cancellous and cortical bone within the VOIs analyzed. 𝑂𝑉𝑇, 𝑂𝑉𝐶 and 𝑂𝑉 
denote overloaded volume under tension, overloaded volume under compression and total 
overloaded volume (𝑂𝑉 = 𝑂𝑉𝑇+𝑂𝑉𝐶), respectively. P1, P2 and M1 denote the data 
corresponding to the VOIs around the first premolar, second premolar and first molar, 
respectively. In columns: different loading conditions; the tooth loaded is shown in red 
color. 
 
Figure 4: Minimum principal stress and maximum principal stress (in rows) of the model 
corresponding to the all-on-four rehabilitation with 3 mm diameter implants for the three 
loading conditions analyzed (in columns). Each of the 6 images depict two different 
planes: a frontal plane containing the anterior left and right implants (IL and IR), and a 
plane containing the axes of the tilted implant closest to the loading area (P2L) and its 
abutment-screw. The last row includes the overloaded volume in the peri-implant VOI 












Cortical bone [17] 13.7 0.3 
Cancellous bone [18] 0.5  0.3 
Implants and abutments: Ti-6Al-4V [19] 110 0.35 
Superstructures: Cr-Co alloy [20] 218 0.33 
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